We have previously reported that activated rac (V12rac) can bring about hypertransformation of ras-transformed epithelial cells, which can be suppressed by the dominant negative form of rac (N17rac). Starting with primary epithelial cells, a series of cell lines expressing wild type (WT) or mutated forms of ras or rac were generated and analysed for their adhesive function and expression and association of adherens junction (AJ) proteins. Normal, primary epithelial cells were self-adhesive and expressed AJs that were very stable. The expression of constitutively active ras resulted in a decrease in, but not loss of, cell-cell adhesion, with concomitantly decreased stability of AJ components. This was extremely exacerbated by the co-expression of constitutively activate rac, but was suppressed by dominant negative rac, which resulted in increased cell-cell adhesion and extremely stable AJs. acatenin also failed to associate with E-cadherin-b-catenin complexes in cells expressing V12rac. Expression of V12rac resulted in the loss of epithelial morphology. The extent of transformation of each cell type corresponded to the stability of the respective AJ complexes. Thus, rac seems to be involved in regulating the stability of AJs, which promote epithelial cell dierentiation, and consequently, modulating tumor progression.
Introduction
Adherens junctions (AJs) are specialized, homotypic forms of adhesive contacts between cells (reviewed in Yap et al., 1997) . They contribute to the dierentiation of epithelial cells and are required for the structural and functional organization of cells and tissues (reviewed in Takeichi, 1995; Gumbiner, 1996; Marrs and Nelson, 1996) . Cell-cell adhesion mediated by AJs is essential for normal embryonic development (reviewed in Geiger et al., 1995; Huber et al., 1996; Hynes, 1996; Marrs and Nelson, 1996; Steinberg, 1996) . AJs are involved not only in mediating cell-cell adhesion, but also signal transduction (reviewed in Huber et al., 1996; Barth et al., 1997) . AJs are composed of protein complexes consisting of dimers of the transmembrane cadherins and cytoplasmic catenins (CCC) (reviewed in Aberle et al., 1996; Marrs and Nelson, 1996; Yap et al., 1997) . Cytoplasmic interactions, especially with the cortical actin network, can in¯uence the adhesive function of the ectodomain of cadherin. Cadherins are linked to the actin cytoskeleton (CSK) via the catenins. The N-terminus of cadherin contains the ectodomain that forms the homophilic interface. The carboxy-terminal, cytoplasmic domain of cadherin binds to b-catenin (reviewed in Ben-Ze'ev and Geiger, 1998) , which interacts with acatenin, which is an actin binding and bundling protein (Rimm et al., 1995) , and thus links the whole complex to actin. Association with submembranous cortical actin is essential for the adhesive function of cadherin/ AJs. Loss of expression or function of AJ components is frequently observed in carcinomas, which account for more than 90% of human malignancies (reviewed in Birchmeier et al., 1996; Shiozaki et al., 1996; Vermeulen et al., 1996; Mareel et al., 1997; Hirohashi, 1998 ) and the loss of E-cadherin-mediated cell adhesion has been implicated as a rate-limiting step in the progression from adenoma to carcinoma (Perl et al., 1998) . In fact, cadherins and catenins are often considered metastasis suppressors, thus, linking epithelial cell dierentiation to tumor progression (reviewed in Hay and Zuk, 1995; Birchmeier et al., 1996; BenZe'ev, 1997; Jankowski et al., 1997; Mareel et al., 1997) .
Association with the actin CSK is essential for the adhesive function of AJs (Kintner, 1992; Nagafuchi et al., 1994) and thus, regulation of actin structures is important for AJ function. The assembly and disassembly of the actin CSK in response to extracellular signals is controlled by multiple members of the GTPase super family: Ras, Rho, Rac and Cdc42 (for review, see Macara et al., 1996; Zigmond, 1996; Van Aelst and D'Souza-Schorey, 1997; Hall, 1998; Janmey, 1998; Schmidt and Hall, 1998) . Constitutively active forms of these proteins have also been shown to be able to contribute to transformation (reviewed in Marshall, 1996; Symons, 1996; Hunter, 1997; Joneson and Bar-Sagi, 1997; Campbell et al., 1998; Malumbres and Pellicer, 1998; Wittinghofer, 1998; Zohn et al., 1998) . Oncogenicaly activated ras has been shown to induce the loss of AJ proteins from intercellular junctions during cell spreading of MDCK cells that requires activation of several of its downstream eectors (Potempa and Ridley, 1998) . Several recent reports have implicated Rac in regulating cell-cell adhesion (Braga et al., 1997; Hordijk et al., 1997; Kuroda et al., 1997; Takaishi et al., 1997; Fischer and Quinlan, 1998b; Jou and Nelson, 1998; Kuroda et al., 1998; Potempa and Ridley, 1998; Sander et al., 1998; Wojciak-Stothard et al., 1998) . We have previously reported that activated rac (V12rac) can bring about hypertransformation of ras-transformed epithelial cells, which can be suppressed by the dominant negative form of rac (N17rac) (Fischer et al., 1998) . Starting with primary epithelial cells, a series of cell lines expressing wild type (WT) or mutated forms of ras or rac were generated and analysed for their adhesive function and expression and association of AJ proteins. Normal, primary epithelial cells were self-adhesive and expressed AJs that were very stable. The expression of constitutively active ras resulted in a decrease in, but not loss of, cell-cell adhesion, with concomitantly decreased stability of AJ components. This was extremely exacerbated by the co-expression of constitutively activate rac, but was suppressed by dominant negative rac, which resulted in increased cell-cell adhesion and extremely stable AJs. The extent of the transformation of each cell type corresponded to the stability of the respective AJ complexes. Rac seems to be involved in regulating the stability of AJs, and thus epithelial cell dierentiation, and consequently, modulating tumor progression.
Results
Rac aects the morphology, adhesion and growth rate of ras transformed epithelial cells
We have previously shown that the co-expression of V12ras (T24ras; Ha-ras) and wild type (WT) E1A 12S in primary epithelial cells (V12ras+WTrac cells) results in cells that resemble benignly transformed cells that retain many epithelial cell characteristics, including cell morphology (Douglas et al., 1991; Gopalakrishnan and Quinlan, 1995; Fischer and Quinlan, 1998a,b; Fischer et al., 1998) . On the other hand, the addition of constitutively active rac 1 (V12rac) to these cells results in cells (V12ras+V12rac) that are hypertransformed and have lost their epithelial morphology, although they have not lost cytokeratin expression and ®lamentous distribution (Fischer and Quinlan, 1998; Fischer et al., 1998) , also markers of epithelial cells (Moll et al., 1982) . The expression of dominant negative rac 1 (N17rac) suppresses ras-hypertransformation (Fischer et al., 1998) . The cells (WTras+WTrac) derived from primary epithelial cells that express only WT12S and the endogenous, WTras and rac are immortalized and not transformed (they cannot grow in soft agar or form tumors in animals). They resemble the original primary cells in appearance and expression of epithelial characteristics (Quinlan et al., 1988; Quinlan and Douglas, 1992; Gopalakrishnan and Quinlan, 1995; Fischer and Quinlan, 1998a ) and see below.
The morphologies and intercellular relationships of these four cell types (WTras+WTrac; V12ras+WTrac; V12ras+V12rac; V12ras+N17rac), derived from primary epithelial cells, are shown in Figure 1 , from which it can be concluded that the expression of V12rac had the most dramatic eect on epithelial cell morphology and social behavior. The other three cell Figure 2 V12rac expressing cells have higher growth rates and saturation densities. The indicated cell lines were grown and assayed as described in Materials and methods. The data points shown are the averages of 4 ± 6 counts on duplicate dishes Figure 3 Adhesion decreases in the presence of V12ras or V12rac, but increases in the presence of N17rac. The indicated cells were subjected to standard trypsinization conditions at con¯uence (C) or subcon¯uence (S) until single cell suspensions could be made types still retained an epitheloid morphology, while the V12rac expressing cells were much more ®broblastic. The V12ras+V12rac cells had also lost any indications of cell-cell interactions, in contrast to the other three. The growth rates and saturation densities of these cells were also most dramatically aected by the presence of V12rac, resulting in a higher growth rate and no real saturation density, since they were able to grow in three dimensions under standard tissue culture conditions (Figure 2 and data not shown). The WTras+WTrac cells have the most stringent requirements for substrate and cell-cell interactions. If they are plated too sparsely or are prevented from attaching to substrate, they do not survive. The adhesion of these cell types was examined by determining the time required for trypsin to enable them to become singlecell suspensions. As can be seen in Figure 3 , cells expressing WTras and WTrac required the most time. Expression of V12ras, in the presence of WTrac, drastically reduced trypsinization times. Almost no time was required to generate single cells from cultures of V12ras+V12rac expressing cells, while the expression of N17rac increased the time. Thus, the constitutive expression of activated rac had profound eects on growth and social behavior of rastransformed cells, which could be suppressed by dominant negative rac. These eects are consistent with the requirement for rac in V12ras transformation (Qui et al., 1995) ; the ability of V12rac to bring about transformation of NIH3T3 cells (Michiels et al., 1995; and the hypertransformation of epithelial cells transformed with V12ras and v-raf (Fischer et al., 1998) .
Activated rac decreases the steady state levels of the components of adherens junction, while N17rac stabilizes them AJs are also hallmarks of epithelial cells and required for generating the permeability barrier property of epithelial sheets. The patterns of cell distribution and sensitivity to trypsinization indicated dierences in cellcell adhesion, suggesting that there may be dierences in the AJs among these cell lines. To address this issue, the steady state levels of E-cadherin, a-catenin and bcatenin were examined by both Western blots of total cell lysates ( (Figure 5a ), all of which were equalized by counts (see Materials and methods). From such analyses, it was clear that the steady state levels of these three components of AJs were most dramatically aected by the expression of V12rac, which resulted in very little stable amounts of all three proteins. Expression of N17rac resulted in the highest levels, which was most obvious with respect to a-catenin and E-cadherin. The a-catenin antibody did not seem as eective in immunoprecipitating a-catenin from cell lysates as it did in detecting it in denatured extracts, resulting in lower levels of a-catenin in the a-catenin IP-Westerns versus the Westerns of total lysates ( Figure 4d , left versus right panel). Additionally, this antibody seemed to detect uncomplexed a-catenin preferentially, since very little to no E-cadherin or bcatenin was observed co-precipitating with a-catenin in Figure 4 Dierential levels of steady state expression of CCC. (a ± c) The indicated cells were lysed and immunoprecipitated (IP) with E-cadherin antibody (left four lanes) or unfractionated (total lysate-right four lanes). Immunoblots of the resolved proteins were sequentially probed (without stripping) with antibodies speci®c for E-cadherin (a), a-catenin (b) or b-catenin (c). (d ± e) Cell lysates were immunoprecipitated with a-catenin antibody (left four lanes) or untreated (total lysate, right four lanes). Immunoblots were sequentially probed (without stripping) with a-catenin (d) and hsp90 (e). (f ± g) Cell lysates were immunoprecipitated with bcatenin antibody (left four lanes) or untreated (total lysate, right four lanes) and probed with b-catenin (f). The blot was stripped and probed and grp94 (g) antibodies. (h) Equal concentrations of protein from unfractionated lysates were resolved on 15% SDS ± PAGE and the immunoblot probed with anti-rac antibodies. (i) The indicated cells were labeled for 2 h and chased for 24 h, cell lysates were made and immunoprecipitated with anti-ras antibodies. The IPs were resolved by 15% SDS ± PAGE,¯uorographed and autoradiographed. Faster migrating bands represent modi®ed ras. a, a-catenin; b, b-catenin; E, E-cadherin any of the cell types ( Figure 5, middle four lanes) . Interestingly, the a-catenin in AJ complexes seemed more stable than`free' a-catenin, as evidenced when Ecadherin immunoprecipitates were probed with acatenin, compared to probing total lysates with acatenin antibody (Figure 4b , compare left and right panels). The results from these experiments suggest that V12rac destabilizes, while N17rac stabilizes the steady state levels of the proteins that make up the AJ.
Not all proteins are rapidly turned over in cells expressing V12rac
The steady state expression of grp94 seemed similar in all four cell lines (Figure 4g , right panel) and at a high level. Interestingly, expression of hsp90 was significantly higher in V12rac expressing cells and included both isoforms (Figure 4e , right panel), while it seemed poorly expressed in the other three cell lines. The expression patterns of these two stress proteins indicated that not all proteins have a shorter half-life in the presence of V12rac and served as a control for lane-loading (in addition to the equalizing of amounts of protein). Similarly, expression of ras protein and rac protein was stable in V12rac cells (Figure 4h ,i), in fact, ras expression seemed higher in the presence of V12rac. As expected, in the three cell lines that had been transfected with V12ras, the levels of ras were substantially greater than in cells that only expressed the WT, endogenous ras. The faster migrating form in the`chase' samples represents the modi®ed ras protein for both WTras and V12ras. A higher level of a slowermigrating form of rac was found in cells expressing V12rac or N17rac, while an abundant amount of a faster-migrating form was found in cells expressing only the endogenous ras and rac. In cells expressing V12ras, but WTrac, the slower migrating form was observed, at a low level. This probably re¯ects the activation of the endogenous rac as an eector of constitutively active ras (V12ras) (reviewed in Ridley et al., 1992; Joneson et al., 1996; Marshall, 1996; Nimnual et al., 1998; Zohn et al., 1998) . However, the signi®cance of the dierently migrating forms of rac is not completely understood.
The stability of the adherens junction complex is decreased in the presence of V12ras and V12rac, but is increased in the presence of N17rac
The stability of the AJ complexes themselves was also examined by comparing the coprecipitating proteins at the end of in vivo labeling overnight (Figure 5a ) and by immunoprecipitating E-cadherin from unlabeled cell extracts and sequentially probing with antibodies for the individual components (Figure 4a ± c, left panels) . When E-cadherin antibody was used to immunoprecipitate, it could be seen that the highest level of cadherin was present in cells expressing N17rac. When such immunoprecipitates were serially probed with antibodies to a-catenin and b-catenin, again the highest levels of co-precipitation of the cognate antigens were observed in the presence of N17rac, followed by those cells expressing both WTras and WTrac (Figure 4a Thus, from these experiments it can be concluded that the expression of AJ proteins and the AJ complex are most stable in the presence of WTras+WTrac and V12ras+N17rac, with the latter being the most stable. Expression of V12ras+WTrac has little eect on the stability of the constituent proteins themselves, but does aect the overall stability of the AJ complex, speci®cally the presence of the two catenins that associate with E-cadherin. Expression of V12ras+V12rac has the most dramatic eect on both the stability of the components of AJs and the AJ complex itself, very little steady state expression of any element could be detected.
To further investigate the eects of ras and rac on the formation and stability of AJ complexes, a series of pulse-chase experiments were performed. We ®rst did pulse-chase analyses of E-cadherin, a-catenin and bcatenin in primary epithelial cells (Figure 6 ). Not only were the individual AJ components stable but the AJ complex, itself, was very stable.
We then conducted, a single, 2 h label of the four cell types and subjected the solubilized extracts to immunoprecipitations with antibodies against the three components of the CCC (Figure 5b ). During this labeling interval, it was obvious that the levels of acatenin were similar among all four lines. Given the above (steady-state) results, it suggested that there was increased turnover, at least of a-catenin in cells expressing V12rac (compare Figure 5b with a and Figure 4d ). Still, no co-precipitation of E-cadherin or b-catenin with a-catenin could be detected in V12rac expressing cells, even though a low level of coprecipitation of E-cadherin and b-catenin could be seen with the other three cell lines. (Again, it must be noted that the a-catenin antibody is not quantitative in precipitating a-catenin from solubilized extracts). To further examine a-catenin kinetics, a pulse-chase analysis was conducted and a-catenin was immunoprecipitated from equal counts (Figure 7) . After a short, 30 min pulse label, the level of a-catenin was, surprisingly, signi®cantly higher in V12ras+V12rac cells than any of the other cell types. Since a-catenin does not associate with AJs in the V12ras+V12rac cells (see Figure 8) , this probably re¯ects all the newly synthesized a-catenin in these cells. However, the level rapidly declined, explaining the steady-state results. For the other three cell types, the levels of a-catenin immunoprecipitated after the 30 min pulse were much less than in V12rac cells, but similar to each other (Figure 7 ). Again the a-catenin levels were most stable in WTras+WTrac and V12ras+N17rac cells, showing no diminution up to 6 h of chase, resembling the situation observed in the primary epithelial cells (Figure 6 ). In the V12ras+WTrac cells, the a-catenin level was stable up to 3 h, but decreased by 6 h of chase (Figure 7 ). This intermediate stability of acatenin in V12ras+WTrac cells is consistent with the above observations.
Although some E-cadherin and b-catenin could be detected by immunoprecipitation with their respective antibodies from cells expressing V12rac, the levels were signi®cantly less than what were observed in the other cell types (Figure 5b ). This suggested that perhaps Ecadherin and b-catenin were even more unstable than a-catenin in V12rac cells. In the 2 h labeling regime, the levels of E-cadherin and b-catenin were higher in V12ras+WTrac and V12ras+N17rac than in WTras+WTrac cells (Figure 5b ). This suggested that there may be higher rates of synthesis and/or lower rates of degradation of these two polypeptides in the V12ras expressing cells.
a-Catenin does not associate with E-cadherin-b-catenin complexes in cells expressing V12rac
To more accurately address the issues of rates of synthesis and stability of AJs, we then performed pulse-chase, E-cadherin immunoprecipitations on the four cell lines (Figure 8 ). At the end of a short pulse (30 min; Figure 8 , lanes 0), the highest levels of Ecadherin and AJ complex formation were observed in V12ras+WTrac cells (Figure 8) , suggesting a higher synthetic rate in these cells. However, the AJs were not very stable, compared to the original primary cells. Again, this probably re¯ects the stimulation of rac 1 by V12ras. The AJs in N17rac expressing cells were very stable, resembling the original primary cells and the cell line expressing WTras+WTrac. The greatest AJ instability was observed in the V12ras+V12rac cells, consistent with all the above observations. In addition, it could be seen that the association of a-catenin with the E-cadherin-b-catenin complex was much later and to a much lesser extent then in the other three cell lines and the primary cells and the AJ complex was very unstable. It is possible that the association of a-catenin with the E-cadherin-b-catenin complex is involved in determining the stability of this complex, since acatenin is required to connect the AJ complex to the actin CSK and eect adhesion. The association of the CCC with actin is required for stable adhesion. Perhaps lack of actin-anchorage results in increased turnover of AJs. Lack of association of a-catenin with the AJ complex could also account for the observed instability of a-catenin itself, in V12rac cells. Dissociation of a-catenin from AJs has been shown to lead to E-cadherin dysfunction (Ozawa and Kemler, 1998) and overgrowth of breast epithelial cells (Tsukatani et al., 1997) , consistent with the growth rate and pattern of V12rasV12rac cells (Figures 1 ± 3) and (Fischer and Quinlan, 1998b; Fischer et al., 1998) . From these collective data, it can be seen that the association of acatenin with the CCC seems critical for its (0) and chased for the indicated times in (h). Cell lysates were prepared and immunoprecipitated with a-catenin antibody association with the CSK, stability, adhesion and epithelial cell behavior.
Discussion
The results presented herein, suggest that regulation of the actin cytoskeleton by the GTPase rac 1 aects epithelial cell morphology and growth and regulates the AJ by aecting the stability of the CCC and its constituents. In transformed epithelial cells expressing V12ras and the endogenous WTrac, we see there is decreased stability of the CCC, compared to the original primary epithelial cells and the immortalized, but not transformed, epithelial cells expressing only the endogenous ras and rac. The dierences observed are most likely a consequence of the activation of rac by V12ras (Ridley et al., 1992; Joneson et al., 1996; Marshall, 1996; Nimnual et al., 1998; Zohn et al., 1998) and which was observed in the rac immunoblot. Consistent with rac being the responsible agent for this phenotype in ras transformed cells, the co-expression of N17rac with V12ras, restored CCC stability, while co-expression of V12rac further enhanced AJ protein turnover, such that almost no steady state levels were detected. N17rac expressing cells have the most stable AJs and the highest levels of individual components, con®rming the role of rac in aecting AJ stability. Consistent with the status of the CCC, no cell-cell interactions were detectable in V12rac expressing cells, in addition to their grossly altered morphology.
Proper functioning of the adherens junction requires anchoring of the CCC onto the submembranous cortical actin ®lament network, which is mediated by a-catenin. The Rho small G protein family regulates various actin-CSK dependent cellular functions. Many proteins have been identi®ed as targets of the Rho family (reviewed in Tapon and Van Aelst and D'Souza-Schorey, 1997; Hall, 1998; Schmidt and Hall, 1998) . Some of these seem probable candidates for involvement in actin reorganization. These include ERM-dependent association of actin with the plasma membrane (Mackay et al., 1997; Sasaki and Takai, 1998) . The Formin Homology (FH) family (Wasserman, 1998) and the WASP Homology (WH) proteins (Tanaka and Takai, 1998) both interact with pro®lin, an actin-monomer-binding protein, and other actin binding proteins. POR1 seems to be involved in actin reorganization and membrane ruing (Van Aelst and D'Souza-Schorey, 1997). Sra-1 associates with cortical actin in rac-induced rues (Kobayashi et al., 1998) . IQGAP, in fact, has been implicated in regulating cellcell adhesion . Unfortunately, much of this work has been done with ®broblasts, especially Swiss 3T3 and NIH3T3 cells, and yeast, thus the implications for epithelial cells are unresolved. However, there has been recent interest in the role of these GTPases in epithelial (and endothelial) cellspeci®c functions, including cell-cell adhesion and polarity (Eaton et al., 1995; Ridley et al., 1995; Braga et al., 1997; Kuroda et al., 1997; Takaishi et al., 1997; Fischer and Quinlan, 1998b; Fischer et al., 1998; Jou and Nelson, 1998; Kuroda et al., 1998; WojciakStothard et al., 1998) . Fibroblasts are often considered non-polar, but can exhibit an anterior-posterior polarity when migrating, compared to the apicalbasolateral polarity of epithelial cells, which generally are non-motile. In addition, ®broblasts do not exhibit the cell-cell adhesion associated with epithelia. Therefore, actin organization and cell-cell interactions are necessarily distinct (Yonemura et al., 1995) .
Epithelia form contiguous sheets of cells connected by cell-cell adhesion molecules, principally adherens junctions. The vectorial functions of epithelial cells require a highly polar cell organization. The junctional complexes segregate the basolateral and apical membranes, yielding an apical-basolateral axis. Transmembrane cadherins form junctional complexes (CCC) with cytoplasmic catenins. Loss of E-cadherin/AJs has been shown to correlate with disruption of epithelial and acquisition of a ®broblast-like morphology (Hay, 1995) and the onset of invasiveness, while the appropriate functioning of E-cadherin promotes the epithelial phenotype and thus suppresses tumor cell invasion (Frixen et al., 1991; Birchmeier and Behrens, 1994; Birchmeier et al., 1995 Birchmeier et al., , 1996 Hay and Zuck, 1995; Mareel et al., 1995 Mareel et al., , 1997 Vermeulen et al., 1996) . Loss of functional adhesion molecules may also induce expression of mesenchymal genes (Hay, 1995; Hay and Zuk, 1995) . Other tumor suppressor genes have also been shown to activate tumor cell dierentiation (Li et al., 1998) . Thus, the status of dierentiation is inversely related to the extent of transformation. One of the greatest dangers to the adult vertebrate is the abnormal turn on of the embryonic mesenchymal program (EMT), permitting tumor cells to invade and metastasize (Hay, 1995; Hay and Zuk, 1995) . Epithelial tumors originate from small foci of cells that exhibit aberrant growth and morphology. Loss of dierentiation, which includes morphologic polarity is an important hallmark of malignancy. For gauging patient prognosis, pathologists classify tumors according to their degree of dierentiation, based on morphological criteria. Understanding the cellular basis for the loss of dierentiation is important since such defects underlie many human disorders, in addition to cancer development (Schoenberger and Matlin, 1991) . The actin CSK mediates many of the functions of eukaryotic cells, such as providing the structural framework, thus determining cell shape and polarity, enabling motility and cell division. Therefore, understanding the regulation of the CSK has import for cell biology and physiology and health maintenance. It has long been recognized that the actin CSK is altered in transformed cells, which contributes to abnormal growth and malignant behavior (reviewed in Jordan and Wilson, 1998) . Rho family members, including rac, have been associated with transformation and tumor progression by ras and in their own right (Khosravi-Far et al., 1995; Michiels et al., 1995; Qui et al., 1995; Marshall, 1996; del Peso et al., 1997; Joneson and Bar-Sagi, 1997; Keely et al., 1997; Roux et al., 1997; Fischer et al., 1998; Nimnual et al., 1998; Zohet al., 1998) . The data presented here suggest that regulators of actin, such as rac, can aect the epithelial phenotype and consequently, the extent of transformation. Thus, actin and its regulators should serve as targets for developing therapeutic interventions.
Several mechanisms have been identi®ed that result in the loss of E-cadherin/AJ, including at the level of transcription and post-translational modi®cations (predominantly phosphorylations) of the constituents (reviewed in Vermeulen et al., 1996; Mareel et al., 1997) . Here we identify a novel mechanism, at the level of protein turnover, in cells expressing V12rac. All the CCC components are synthesized, but they are not stable, such that at steady state, little to no CCC complexes can be detected. Similar to what has been reported in MDCK cells , and to what we observed in the original primary epithelial cells, b-catenin associates with Ecadherin very early, perhaps, cotranslationally, since it co-precipitates with unprocessed E-cadherin. This relationship does not seem to be aected by the status of rac or actin. The association of a-catenin with AJ has been shown to occur at the membrane, probably at or just before the association of a-catenin with cortical actin Nathke et al., 1994) . In V12rac expressing cells a-catenin is synthesized at a higher level, but does not seem to associate with Ecadherin-b-catenin complexes. It is also turned over more rapidly in V12rac cells. In the three other cell types, coprecipitation of a-catenin with E-cadherin and b-catenin can be seen at the end of a short pulse. In addition to being essential to its adhesiveness, AJ association with cortical actin stabilizes it. These may be one and the same function. However, in the presence of V12rac, the association of a-catenin with E-cadherin-b-catenin occurs late and less eciently. This may be a consequence of the inability of a-catenin to associate with cortical actin, which is disrupted in these cells (Fischer and Quinlan, 1998b; Fischer et al., 1998) , probably contributing to their altered morphology. Thus, when the CCC cannot be stabilized by virtue of its connection to actin CSK, the CCC is not targeted correctly and is turned over or since the complex is not targeted correctly, it is not stabilized and consequently is degraded. The net result is a loss of AJ function and hypertransformation.
Materials and methods

Cell culture and growth assays
Primary BRK cells were prepared from 5 day-old rats (Fisher F344, Harlan, IN, U.S.A.) as described previously (Quinlan et al., 1988) . The cell lines have been described previously (Fischer et al., 1998) . The activated ras used in these studies was T24 (H-ras), and the rac derivatives were of rac 1. Wild type indicates that only the endogenous wild type genes were expressed and analysed. They were maintained in DMEM (BioWhittaker, Walkersville, MD, USA) supplemented with 100 u/ml penicillin, 100 mg/ml streptomycin, and 5% fetal calf serum (BioWhittaker), unless otherwise noted. Cells expressing N17rac were maintained in 200 mg G418 per ml of medium. To determine cell growth rates and saturation densities, cells were seeded onto tissue culture plastic (Becton Dickinson, Bedford, MA, USA) at 10 5 cells per 60 mm dish. Cells were then harvested as single cell suspensions with trypsin at 24 h intervals, and quadruplicate counts from duplicate plates were obtained with a hemocytometer. Results were averaged for all plates per cell line counted. At subcon¯uence and con¯uence the times required for each cell line to be trypsinized to the extent that a single cell suspension could be made was determined. The experiment was done in duplicate.
Immunoprecipitation and Western blotting
Cells were grown for 2 ± 7 days in DMEM/FCS. For immunoprecipitation/Western or Western blot analysis, cells were labeled with approximately 10 mCi 35 S-translabel methionine (ICN Pharmaceutical Inc., Costa Mesa, CA, USA) in 5 ml DMEM/FCS 10 ± 12 h prior to lysis. Cells were rinsed with PBS on and lysed in 1% Nonidet P-40/0.5% deoxycholate (NP40/DOC) in 50 mM Tris. pH 7.6, 1 mM sodium vanadate, 5 mM phenylmethylsulfonyl¯uoride, on ice for 30 min. Lysates were then scraped into microcentrifuge tubes, and centrifuged for 30 min at 48C. The supernatant lysates were normalized to each other by scintillation counting, and brought to equal volumes with lysis buer. Immunoprecipiations were carried out at 48C, with the indicated antibodies, and immune complexes were collected with 0.3% protein A-Sepharose CL-4B. For Western analysis of whole cell lysates, cells were instead lysed with boiling sample buer (125 mM Tris pH 6.8, 5% glycerol, 2% sodium dodecylsulfate, 1% b-mercaptoethanol, and 0.003% bromophenol blue). For pulse chase analysis, cells were starved for methionine in methionine-minus DMEM for 30 min at 378C, pulsed for 30 min with 200 mCi 35 -translabel methionine/ml, and then chased with unlabeled, 1 mM methionine for the indicated times. At end of the chase period, the cells were lysed and immunoprecipitations were performed as described above. Western analyses were performed as previously described (Pillay et al., 1996) . Samples were analysed on 7.5 or 15% SDS ± PAGE. The primary antibodies for E-cadherin (C20820 for immunoprecipitation and C37020 for immunoblotting); b-catenin (C19220) were purchased from Transduction Laboratories, Lexington, KY, USA; a-catenin (71 ± 1200) from Zymed, San Francisco, CA, USA and (C21620) from Transduction Laboratories; Rac1 (SC095 and SC217) from Santa Cruz Biotechnology, Santa Cruz, CA, USA; ras (OPO1 and OPO4) from Oncogene Science, Cambridge, MA, USA; hsp90 (SPA-830) from StressGen Biotechnologies Corp., Victoria, BC, Canada. The secondary antibodies were conjugated to hrp and were purchased either from Sigma Chemical Co., St Louis or Bio-Rad Laboratories, Hercule, CA, USA. Detection was accomplished by chemiluminescence.
